Intake valves from natural gas-fired reciprocating engines displaying "torching" were examined to determine their failure mechanism. The principal features of the "torched" valves include a relatively thick black deposit on the tulip area of the valve extending to the sealing surface, partial loss of those deposits in various locations, and localized metal loss, oxidation and/or surface cracking in the spalled regions. Electron microprobe, scanning electron microscopy, and optical microscopy were employed to characterize the deposit formation and metal loss mechanisms. The initial cause of the torching appears to be due to the localized spallation of a loosely adherent (Ca,Zn) phosphate oil deposit adjacent to the valve/seat seal which creates a channel of hot, high velocity combustion gases. Within the torched area, significant metal oxidation and metal recession due to erosion/corrosion was observed on the valve sealing face, creating a relatively wide gap where a valve/seat seal should be. In areas where torching is not evident on the valve sealing surface, no appreciable metal recession (but limited metal oxidation) was observed.
INTRODUCTION
Because of the higher combustion temperatures compared to diesel engines, natural gas-fired reciprocating engines typically specify lubricants with an ash content not to exceed 0.5 wt%. to avoid the buildup of in-cylinder deposits. In spite of these limits, deposits on hot surfaces in-cylinder can sometimes occur for several reasons. First, cylinder-to-cylinder variations can produce higher-than-anticipated temperatures. Second, the oil chemistry can vary both in terms of the make up of the additive package which accounts for the ash content, and contaminants levels which can result from duty cycle, maintenance practices and filtration effectiveness. A recent study (Isa and Haji-Sulaiman, 1997) established the relationship between oil contamination levels and the tendency to form deposits on intake valves. Partial oxidation products, resins, and heavier polymerized organic compounds, if not removed during operation, can enhance deposit formation. As the formation rate of these contaminants is highly temperature dependent, it is important to determine localized temperatures during engine operation. The deposits which can subsequently form on hot surfaces tend to be porous, brittle and loosely adherent. If intake valve deposits become excessive, the valves may lose their metering and sealing function through a process called "torching."
Torching is defined, for the purpose of this study, as the metal recession from intake valve sealing surfaces due to the localized loss of deposits causing the channeled-flow (blow-torch effect) of hot combustion gas. The objective of this study is to characterize mechanisms of the torching of intake valves, and establish the links among major variables such as the operating temperature, oil condition and valve material to produce this damage.
METHODS
The intake valve alloy was Silchrome-1, a martensitic steel containing approximately 8 wt% Cr and 3 wt% Si. It is commonly employed as an intake valve material for a variety of automotive and some heavy duty engine applications.
Intake valves were removed at various run times from the cylinder heads of a large (100 liter displacement) stochiometric, natural gas-fired reciprocating engine. Care was taken not to disturb the fragile oil deposits and oxide scale. Prior to any destructive examination, the valve surfaces were recorded photographically.
The deposit areas were potted in a cold metallographic mounting compound to preserve the scales prior to crosssectioning. After cross-sectioning and polishing, the sections were examined using optical microscopy and scanning electron microscopy (SEM) to characterize the morphology of the scale. An electron microprobe was used to determine the elemental composition of the different layers of the scale.
Temperature measurements were carried out using fluorescence thermography directed at several locations on an intake valve in an operating engine. This technique employs a temperature-sensitive phosphor coating on a valve in the region of interest. A fiber optic probe records the duration of fluorescence produced by activation of the phosphor with a high power light emitting diode. The duration of the emission is then related to the temperature. September 12-16, 2005, Washington, D.C., USA 
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RESULTS AND DISCUSSION
Torched valves from different service times were examined and no strong relationship between exposure time and metal recession was observed. Severe deposits could cause measurable damage, in some cases, in as little as several thousand hours of operation. A typical appearance for a torched valve is shown in Figure 1 . The heavy deposit is noticeable in the tulip region as well as the loss of that deposit at the twelve o'clock position in the photograph.
A cross section of a torched valve in Figure 2 shows several features. First, the metal recession is shown in comparison to the outline of a new valve and seat profile. Second, the coating on the metal is in two layers, the outer being a deposit consisting of Ca and Zn phosphates from the oil additive package and the inner layer the oxidized metal surface. The oil deposits were compacted by impact on the sealing surface but are loose and porous otherwise. Third, there is evidence of surface cracking, the surfaces of which are also oxidized.
Fluorescence thermography readings for engines running from idle to 110% of rated conditions recorded temperatures ranging from approximately 260 to 350 o C. These temperatures are high enough to oxidize the lubricant base stock, leaving behind the inorganic additive ash as deposits. These measurements were taken prior to any oil deposition and subsequent torching. If improper sealing of the valves allow hot combustion gases past the seal, substantially higher surface temperatures can result.
In some applications, alloys with relatively low Cr content may also be prone to oxidation at these temperatures. The oxide composition in this case was a mixture of Cr and Fe oxides or possibly a Fe-Cr spinel instead of a coherent chromium oxide. Although Si should help improve oxidation resistance, none was detected in the scale. The presence of water vapor in both the intake air and in the combustion gas and the effect of the high gas velocity both tend to greatly enhance oxidation as quantified by Asteman et. al. (2004) .
Future work will identify a more oxidation and erosion resistant alloy to withstand the higher operating temperatures. In addition to a more resistant material, better control of contaminant build-up in the oil through advanced filtration techniques should reduce the tendency of the oil to produce deposits in the first place.
CONCLUSIONS
• "Torched" valve sealing surfaces showed metal loss, surface cracking, and oxidation. Nontorched areas retained a compacted oil deposit covering an oxidized sealing surface.
• The low Cr content resulted in general oxidation in this application due to higher than expected operating temperatures, the presence of water vapor and high gas flow.
• The torched areas corresponded to regions where a porous deposit had spalled.
• The oil deposits consisted of a combination of Zn and Ca phosphates originating form the lubricating oil additives.
• Torching requires a combination of high temperatures, oil high in ash content or degradation contaminants, and a valve material susceptible to oxidation and hot gas erosion. 
